tioned proteins suggest that they, too, may undergo
Figure 1. Membrane Proteins that Are Postulated to Undergo Regulated Intramembrane Proteolysis in Animal Cells
For simplicity, we do not show the alternate pathway for APP processing, which involves cleavage by ␣-secretase. For Notch, we show only the transmembrane subunit. For Ire1 and ATF6, intramembrane proteolysis has not yet been demonstrated, but its existence seems likely (see text). aa, amino acids.
sequential cleavages, first in the lumen and then within its active site in the lumen (Sakai et al., 1998b) . S1P is synthesized in the ER as an inactive precursor that is the membrane. In mammalian cells, presenilin-1 is also required for in transport allows cholesterol to inhibit its own synthesis in a classic feedback fashion (Brown and Goldstein, cleavage of Ire1 (Niwa et al., 1999) . These data, although limited, suggest a general principle: S2P-like proteins 1997). Cleavage by S1P separates the two transmembrane are required for intramembrane cleavage of type 2 proteins and presenilin-1 is required for type 1 proteins helices of SREBP, but the NH 2 -terminal fragment remains membrane bound until it is cleaved by S2P at a (Figure 1) . The validity of this generalization will be tested as further examples of Rip are discovered.
In four of the eukaryotic Rip systems, a protein has activated autocatalytically by the removal of an NH 2 -terminal propeptide (Espenshade et al., 1999). The actibeen identified that is required for intramembrane cleavage, and a remarkable pattern has been observed (Fig
site that is three residues within the transmembrane segment (Duncan et al., 1998). Even though the activity of S2P is not regulated directly by sterols, S2P cannot The SREBP Pathway: Control by Rip The SREBP pathway was the first system of Rip for act until the two transmembrane segments have been separated by S1P, which effectively brings this reaction which the luminal and intramembrane proteases were identified. As shown in Figure 1 (Figure 2 ). The NH 2 -terminal portion of all of these proteins contains a findings suggest strongly that S2P is a zinc metalloprotease. The hydrophobic nature of S2P is consistent with sequence conforming to the HExxH consensus that is found in a large subfamily of zinc metalloproteases its postulated role in cleaving a peptide bond that is located within a membrane bilayer. It seems likely that (where X is typically a noncharged amino acid) (Rawlings and Barrett, 1995). In these proteins, the two histidines this cleavage will require at least a partial unfolding of the ␣ helix. It should be noted that thus far it has not of the HExxH motif coordinate with a zinc atom, and the glutamate activates a water molecule, allowing it to been possible to show directly that isolated S2P or any of its bacterial relatives can cleave peptide bonds in make a nucleophilic attack on the peptide bond. Unlike its location in the classic zinc metalloproteases (such vitro. as thermolysin) (Matthews, 1988), in S2P the HExxH sequence is embedded in a highly hydrophobic segment
The Unfolded Protein Response: Control by Rip? Among the transmembrane proteins in Figure 1 , the of the protein (Figure 2) .
In addition to the HExxH motif, thermolysin and other closest parallel to SREBP is ATF6, a type 2 membrane protein of the ER whose NH 2 -terminal cytosolic domain classic zinc metalloproteases contain a remote residue (tyrosine or aspartate) that provides an additional cooris a transcription factor of the bZIP family (Yoshida et al., 1998). The NH 2 -terminal domain of ATF6 was identidination bond for the zinc. In the S2P-like proteins, this function is believed to be filled by the aspartate of the fied by virtue of its ability to bind to ER stress response elements in the promoter regions of the genes encoding sequence LDG, which resides in a hydrophobic segment that shows a characteristic double peak in hydrophoBiP/GRP78, GRP94, and calreticulin (Yoshida et al., 1998) . When mammalian cells produce unfolded ER probicity plots and is located near the COOH terminus (Figure 2 Niwa 1999) suggests that a mammalian HAC1 will be found. et al. (1999) to occur. These data are consistent with the suggestion that presenilin-1 is indeed the protease that catalyzes In addition to its cleavage by ␤-secretase, APP can be cleaved by ␣-secretase, which cuts the extracytosolic the intramembrane cleavage of Notch and that the two aspartates are required for cleavage, but not for comdomain even closer to the membrane, leaving only 12 amino acids on the external surface (Selkoe, 1996) . Like plex formation. However, the alternate possibility that presenilin-1 is a required cofactor for another protease the ␤-secretase cleavage, ␣-secretase cleavage is followed by ␥-secretase cleavage. In this case, the libercannot be ruled out with certainty. (Figure 2 ). As discussed above, the ria to humans. It seems likely that the list of Rip systems will expand beyond the seven described to date (five in aspartate of the LDG sequence in S2P is required for the activity of this protein.
animal cells and two in bacteria). A crucial unresolved problem relates to the mechanism by which proteases Another prokaryotic relative of mammalian S2P is a B. subtilis protein called SpoIVFB (Rudner et al., 1999) .
cleave peptide bonds within a membrane bilayer. Membrane-spanning segments are generally felt to form ␣ This protein also contains an HExxH motif in a hydrophobic segment near the NH 2 terminus and an LDG motif helices. The peptide bonds in ␣ helices are protected from protease action because they are stabilized by in a double-peaked hydrophobic segment toward the COOH terminus (Figure 2) . However, the overall hydrohydrogen bonds that preclude attack by proteolytic enzymes (Paetzel et al., 1998). The two putative proteases phobicity profile of SpoIVFB differs from those of the other family members. SpoIVFB is a much smaller prothat are implicated in Rip, i.e., S2P and presenilin-1, may have the ability to unfold the ␣ helices, turning them into tein, and it contains a hydrophilic extension on the COOH-terminal side of the hydrophobic LDG segment. random coils or segments of extended ␤ strand-like conformation, both of which are more susceptible to Compelling genetic evidence indicates that SpoIVFB is the protease that removes a membrane-embedded NH 2 -proteolysis (Hubbard et al., 1994; Iwata et al., 1998; Matthews, 1988). Indeed, the products of one such terminal hydrophobic peptide from a transcription factor, pro-K , thereby releasing the factor into the cytosol intramembrane cleavage, the A␤ peptides, are already known to form ␤-pleated sheets, a property that leads and allowing it to activate gene transcription (Stragier and Losick, 1996) . This process is necessary for the to aggregation and neurotoxicity (Selkoe, 1996) . If S2P is a metalloprotease and presenilin-1 is an aspartyl procompletion of spore formation in response to nutrient deprivation. When the B. subtilis pro-K gene and the tease, then nature has solved the problem of cleaving intramembrane peptide bonds at least twice, and in both SpoIVFB gene were expressed together in E. coli, pro-K was processed normally, a finding that strongly sugcases highly hydrophobic proteins have been used to do the job. gests that SpoIVFB is the responsible protease (Stragier and Losick, 1996) . This conclusion is supported by the A second unanswered question relates to the recognition signals that allow the proteases to cleave only sefinding that cleavage of pro-K is abolished when either the HELGH sequence or the LDG sequence is mutated lected transmembrane proteins. Their catalytic activity does not depend on the precise residues surrounding (Rudner et al., 1999) . Interestingly, the membrane orientation of pro-K is opposite to the type 2 orientation of the cleaved peptide bond, which is unlike the usual case
